Key words: Megaselia abdita, dorsal closure, microtubule cytoskeleton, 44 extraembryonic tissue (serosa/amnion), tissue seaming, evolution of development 45 (evo-devo) 46 fusion in a simple two-tissue system are conserved in a three-tissue system. The 97 phorid scuttle fly M. abdita (placed in an early-branching cyclorraphan lineage) 98 presents a three-tissue system of dorsal closure and has been established as a model to 99 study the evolution of developmental processes (Bullock et al., 2004; Rafiqi et al., 100 2008; Schmidt-Ott et al., 1994; Stauber et al., 2000; Wotton et al., 2015). Thus, M. 101 adbita offers the opportunity to compare the three-tissue system of dorsal closure to 102 the two-tissue system present in D. melanogaster. 103 104 Here, we perform a quantitative characterization of dorsal closure in M. abdita. 105
Abstract 22
Evolution of morphogenesis is generally associated with changes in genetic 23 regulation. Here we report evidence indicating that dorsal closure, a conserved 24 morphogenetic process in dipterans, evolved as the consequence of rearrangements in 25 epithelial organization rather than signaling regulation. In Drosophila melanogaster, 26 dorsal closure consists of a two-tissue system where the contraction of 27 extraembryonic amnioserosa and a JNK/Dpp-dependent epidermal actomyosin cable 28 result in microtubule-dependent seaming of the epidermis. We find that dorsal closure 29 in Megaselia abdita, a three-tissue system comprising serosa, amnion and epidermis, 30 differs in morphogenetic rearrangements despite conservation of JNK/Dpp signaling. 31
In addition to an actomyosin cable, M. abdita dorsal closure is driven by the rupture 32 and contraction of the serosa and the consecutive microtubule-dependent seaming of 33 amnion and epidermis. Our study indicates that the evolutionary transition to a 34 reduced system of dorsal closure involves simplification of the seaming process 35 without changing the signaling pathways of closure progression. 36 37 38
Impact Statement 39
Evolutionary reduction in tissue number involves the simplification of the seaming 40 process but not signaling during epithelial fusion. 41
Introduction 48
Mechanical forces produced at the cellular level are known to shape tissues during 49 morphogenesis (see Lecuit et al., 2011 , for a recent review). Molecular motors and 50 cytoskeletal elements generate these mechanical forces, which cause tissues to deform 51 and change shape (Mammoto and Ingber, 2010) . Until recently, such tissue-level 52 aspects of morphogenesis have received relatively little attention in the field of 53 evolutionary developmental biology. The evolution of developmental processes is 54 generally attributed to changes in genetic regulation (see for example, Carroll et al., 55 2009; Davidson and Erwin, 2006; Peter and Davidson, 2015; Wilkins, 2002) . To date, 56 it is not fully understood how a developing organism integrates the mechanical and 57 genetic factors necessary to shape a tissue, or how this interplay between tissue 58 mechanics and genetics is contributing to the evolution of development. We focus on 59 this latter aspect by studying how a continuous epidermal layer is formed by epithelial 60 fusion during dorsal closure in a non-model organism, the scuttle fly Megaselia 61 abdita (Diptera: Phoridae). 62 63 Epithelial fusion is a fundamental morphogenetic mechanism in animal development 64
where two opposing epithelial sheets are brought together to subsequently seam and 65 result in a single continuous epithelial layer (Jacinto et al., 2001) . Dorsal closure in 66
Drosophila melanogaster (Diptera: Drosophilidae) is a classical model system to 67 study epithelial fusion (Jacinto et al., 2000) . This process is promoted by the 68 mechanical action of different players: a contractile actomyosin cable forming at the 69 leading edge of the epidermal flanks, the extraembryonic amnioserosa which covers 70 the dorsal opening and generates contractile forces during epidermal flank 71 advancement, and the eventual seaming of the epidermis through a mechanism 72 involving microtubule-based cellular protrusions (Eltsov et al., 2015; Hutson et al., 73 2003; Kiehart et al., 2000; Saias et al., 2015) . Genetically, the c-Jun N-terminal kinase 74 (JNK) pathway and the transforming growth factor beta (TGF-β) family gene 75 decapentaplegic (dpp) play an essential regulatory role in the process (Fernandez et 76 al., 2007; Glise and Noselli, 1997; Jacinto et al., 2002; Knust, 1997) . The expression 77 of dpp localizes to the leading edge of the epidermal flanks and depends on the 78 activity of the D. melanogaster JNK gene (basket, bsk). Embryos lacking bsk activity 79
show downregulation of dpp at the epidermal leading edge, failure of dorsal closure 80 progression, and a dorsal-open phenotype in the larval cuticle (Glise and Noselli, 81 1997; Sluss et al., 1996) . At the molecular level, activation of the JNK/Dpp signaling 82 pathways promotes the formation and maintenance of the actomyosin cable at the 83 epidermal leading edge (Ducuing et al., 2015) and, thus, progression of the opposing 84 epidermal flanks towards the dorsal midline where they meet. At the final stage of 85 dorsal closure, the opposing epidermal flanks "zipper" or "seam" through the action 86 of microtubules that align towards the dorsal opening and promote the formation of 87 filopodial protrusions at both epidermal leading edges Jankovics 88 and Brunner, 2006; Millard and Martin, 2008) . 89 90 Dorsal closure is a conserved morphogenetic process that occurs in all insects 91 (Chapman, 1998) . Whereas in D. melanogaster it involves two tissues, the embryonic 92 epidermis and the extraembryonic amnioserosa, in most insects it involves three: the 93 embryonic epidermis, an extraembryonic amnion, and a separate extraembryonic 94 serosa (Panfilio, 2008 ; Schmidt-Ott and Kwan, 2016). These complex anatomical 95 differences raise the question whether the mechanisms responsible for epithelial 96
In order to obtain a closer view of the spatial arrangement of tissues in live M. abdita 145 embryos, we injected DAPI at the embryo poles during dorsal closure stage and 146 obtained confocal projections. This staining showed that amnion cells sit on top of 147 yolk granules, and are positioned adjacent to the embryonic epidermis (blue 148 arrowheads in figure 1-supplement 1C-C"). 149 150 When fixing M. abdita embryos at dorsal closure stage, devitellinization also removes 151 the serosa together with the vitelline membrane (figure 1-supplement 2A). 152
Devitellinization and serosa cells removal resulted in a gap on the dorsal side of the 153 embryo, seen as lack of phalloidin staining (figure 1-supplement 2B). Amnion cells 154
(1-2 cell rows adjacent to the epidermis, blue arrowheads in figure 1-supplement 155 2B) remained apposed to an intact epidermis. In a few cases, devitellinization left 156 some intact serosa cells on top of M. abdita embryos (very large cells highlighted by 157 phalloidin and DAPI counterstains, white arrowhead in figure 1-supplement 2C and 158 C'). An optical re-slice of confocal projections of the intact serosa and amnion cells 159 showed that these two cells types are apposed (yellow arrowhead in figure 1-160 supplement 2C''). 161
162
In summary, the anatomy of M. abdita embryos at dorsal closure reveals a three-tissue 163 system, where large serosa cells surround the embryo and are apposed to the amnion 164 cells at the dorsal-most end of the embryo. Amnion cells form a row, in turn apposed 165 to the adjacent epidermis ( figure 1B and B' ). This three-tissue geometry poses an 166 interesting challenge for the process of dorsal closure, since the apposed serosa and 167 amnion need to undergo dramatic rearrangements to achieve epidermal fusion at the 168 end of dorsal closure. 
